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Abstract 
During Cold Air Outbreak (CAO) events over North America during winter, cold dry air is 
often advected over the ocean offshore of the East Coast.  A motivating hypothesis of 
this study is that the air-sea fluxes associated with CAO events will be manifested in 
offshore ocean variations that will be advected poleward by the Gulf Stream, possibly 
impacting the subpolar regions where oceanic deep convection drives the thermohaline 
circulation. This study uses an observational data analysis and model experiments with 
CESM’s Parallel Ocean Processor to examine CAO intensive winters alongside 
contrasting years of winter warm events to quantify impacts on the North Atlantic 
Ocean, including the subpolar seas. The main findings of this study do not confirm the 
original hypotheses about downstream (subpolar) oceanic impacts of cold air outbreaks. 
They do, however, provide information relevant to the variability of the subpolar North 
Atlantic. In particular, the observational analysis shows that CAOs over the Gulf Stream 
produce large upward sensible and latent heat fluxes from the ocean to the atmosphere. 
These fluxes remove heat from the ocean’s mixed layer, altering temperatures in the 
upper ocean.  The model experiments show similar results off of the East Coast of the 
US, with colder, denser waters over the Gulf Stream in CAO years and associated 
variations of density patterns in the subpolar North Atlantic. Wind forcing from regions of 
warm air advection further north dominates downstream impacts of CAOs over the Gulf 
Stream, as the model experiments show regions of warmer, less dense water in the 
geographic region of North Atlantic Deep Water formation. This bipolarity of the wind 
forcing and its oceanic impacts are manifestations of the North Atlantic Oscillation.  The 
results indicate that the NAO may well be the key to ocean variations that drive the 
global thermohaline circulation. 
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Chapter 1: Background 
Preface 
It is well known that the ocean and atmosphere are inextricably linked. As the climate 
changes around us, it is undeniable that the climate of the oceans will change, too. 
Some large-scale processes like the increased ocean acidification as the ocean 
absorbs atmospheric carbon are well understood, at least in terms of directionality, 
while other interactions between the atmosphere and ocean as the climate changes are 
more questionable. For example, what will happen to the waters of the North Atlantic 
and the Atlantic Meridional Overturning Circulation (AMOC) as climate changes? What 
will happen to the northern extension of the Gulf Stream and oceanic exchanges 
between the Arctic and middle latitudes? As the climate changes, the frequency of cold 
air events over the Gulf Stream may also change, allowing for a hint in answering the 
above questions.  
1.1 Cold Air Outbreaks 
Cold air outbreaks (CAO’s) are wintertime phenomena in which masses of cold air from 
high latitudes migrate equatorward, bringing much-below normal temperatures to middle 
latitudes. Vavrus et al. (2006) define CAO occurrences as two or more consecutive 
days during which the local mean surface air temperature is at least two standard 
deviations below the winter mean.  As CAO’s are defined relative to local mean 
conditions there is no single accepted broadly applicable absolute temperature 
threshold  that can be applied equally anywhere in the world.  There are, however, 
atmospheric patterns that are conducive to CAO formation. These patterns that favor 
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CAO’s are often associated with atmospheric blocking patterns in the upper level flow 
that favor cold air advection at the surface into a given region. From a global 
perspective, as the climate changes, future projections imply reduced occurrence of 
CAO events with respect to late 20th Century climate conditions (Screen et al. 2015; 
USGCRP 2014). However, changes in the broader atmospheric circulation may allow 
some areas to experience an increase in CAO activity (Vavrus et al. 2006).  
1.2 Atmospheric Changes 
Arctic amplification of climate change, the observed phenomenon wherein the Arctic 
has been warming faster than the rest of the Northern Hemisphere, has potentially had 
several unforeseen impacts on weather in mid-latitudes. One such impact was explored 
in a modeling study that showed that as Arctic Ocean sea ice extent declines as it did in 
2007, the anomalous area of relatively warm open water may allow for the formation of 
a thermally driven height anomaly in autumn over the northern hemisphere such that 
warmer temperatures persist over western North America and the Beaufort Sea while 
cooler temperatures impact eastern North America including the Gulf Stream region 
(Strey et al. 2010).    
Historically, during the cold season high pressure dominated the subarctic continents 
while pressures were somewhat lower over the Arctic Ocean than over the northern 
continents. Overland et al. (2011) hypothesize a shift in this tendency that allows for a 
warm Arctic- cold continents pattern to set up over the Northern Hemisphere due to an 
increase in open water in the Arctic Ocean. Figure 1.1 depicts an observational example 
of this set up through temperature anomalies over eastern North America in winter of 
2010. This increasingly frequent pattern (similar to the negative phase of the North 
 
 
3 
 
Atlantic Oscillation (NAO)) allows for an increase in cold air outbreak events over the 
Gulf Stream region, consistent with the results of Strey et al. (2010).   
An observational study by Francis and Vavrus (2012) connects Arctic amplification of 
climate warming to increased occurrence of atmospheric blocking patterns in the 
Northern Hemisphere. The authors propose two mechanisms through which these 
blocking patterns might emerge. The first is a weakening of the equator-to-pole 
temperature gradient, which leads to weakened 1000-500 hPa thickness gradients, thus 
reducing the strength of upper level zonal flow in the atmosphere, allowing patterns to 
persist rather than move on. The second theory involves amplification of the 500 hPa 
waves themselves, which by Rossby Wave dynamics propagate more slowly compared 
to shorter waves.  Figure 1.2 from Francis and Vavrus (2012) shows a schematic of the 
elongated ridge trough system caused by Arctic amplification. This schematic depicts a 
situation in which cold air would be located over eastern North America and the Gulf 
Stream as the climatological ridge-trough pattern is amplified. Increases in frequency, 
duration, and strength of CAOs over the Gulf Stream region could occur under Arctic 
amplification of climate warming (Vavrus et al. 2012). A more recent diagnosis of CAOs 
by Iwasaki et al. (2014) show that the most common North American cold airstream 
during winter extends from the Arctic to the eastern United States, then rapidly weakens 
over the western North Atlantic as it gains heat from the underlying ocean. 
Other studies using large ensembles of model simulations find that the probability of 
such CAO-type events may decrease to obscurity by the late 21st Century, assuming a 
“business as usual” approach to greenhouse gas forcing (Screen et al. 2015). However, 
another such model-based study found that an increased frequency of atmospheric 
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blocking may contribute to lengthened CAO events in some regions, namely over 
Alaska and the Arctic (Gao et al. 2015). Ultimately, there is no true consensus regarding 
the specific changes in CAO’s under Arctic amplification of climate warming, however 
persistent blocking patterns should not be ignored as possible drivers of future 
increases in CAO events over the Gulf Stream in future climates (Peings and 
Magnusdottir, 2014). 
Another source of uncertainty is the forcing associated with the North Atlantic Oscillation 
(NAO). The NAO, a prominent winter teleconnection pattern, is defined as an out-of-
phase sea level pressure fluctuation between Iceland and the Azores. During a positive 
NAO event, strong drops in sea level pressure and 500mb geopotential height can be 
expected over Greenland and Iceland. A negative NAO phase is characterized by the 
opposite pattern, with higher geopotential heights at 500mb over the same area.  
1.3 Oceanic Responses to Atmospheric Forcing 
CAO events over eastern North America lead to advection of cold, dry air offshore. If 
these events change in frequency, duration and/or strength, impacts on the adjacent 
North Atlantic Ocean are likely.  Changes in watermass properties (like temperature and 
salinity) are also likely to occur during these winter CAO events as the cold air advection 
increases upward heat and moisture fluxes over the relatively warm Gulf Stream waters. 
Anomalous watermass characteristics may develop. While cold air advection may not 
always be the driver, such anomalies in watermass characteristics are often noted and 
tracked, arguably none more so than the Great Salinity Anomalies. Great Salinity 
Anomalies are widely studied events in which the salinity of a watermass deviated from 
normal, usually in the negative as the following literature describes.  Belkin (2004) tracks 
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the Great Salinity Anomaly of the 1990’s through the North Atlantic over several years. 
The anomaly, originating around Newfoundland, traveled into the subarctic.  An even 
longer-lived salinity anomaly originated east of Greenland and was tracked around the 
North Atlantic during the 1960s and 1970s (Dickson et al. 1988). Such anomalies are vital 
as they transport heat and freshwater and they are often the result of NAO related 
processes (Yeager et al. 2015). Because the upper-ocean salinity anomalies are 
negative, they stabilize the water column and reduce deep convection. 
The global ocean circulation is dominated by the thermohaline circulation, a density 
driven circulation system that transports heat and salt between the poles and equator 
made popular by its feature film debut in the 2004 disaster blockbuster The Day After 
Tomorrow. This is a complex system of both surface and deep water currents, thought 
to be largely driven by the sinking of cold and salty dense water at the poles in the North 
Atlantic near Greenland and Iceland as well as the Weddell Sea in the South Atlantic 
Ocean through wind-driven upwelling and vertical mixing processes in the ocean’s 
interior (Kuhlbrodt et al. 2007) This circulation, often referred to as the Atlantic 
Meridional Overturning Circulation (AMOC), is widely accredited with bringing 
temperatures to European countries that are milder than expected at their respective 
latitudes and is depicted in Figure 1.3. Typical variations in the AMOC occur on 40-70 
year time scales and are on the order of +/- 1 Sv (Medhuag et al. 2012). Studies show 
that the atmosphere plays an important role in driving recent interannual variability in 
the AMOC (Roberts et al. 2013), although ocean variations can also be expected to 
impact the atmosphere.  
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A large player in the atmosphere-ocean system, the NAO has been shown to greatly 
impact the strength of the AMOC on decadal timescales (Yeager et al. 2015). During 
the period from 1981-1995 persistent positive NAO forcing was associated with 
strengthening of the thermohaline circulation. In fact, variations in the annual formation 
of North Atlantic deep water are highly correlated to the winter NAO index (Yeager et al. 
2015). Delworth and Zeng (2016), also find that during the positive phase of the NAO, 
the AMOC is enhanced because the weather patterns allow more heat and moisture to 
be extracted from the subpolar gyre, causing an increase in North Atlantic deep water 
formation. However, the ocean’s reaction to the NAO is most obvious on longer 
timescales. Climate models employed in a study by Delworth et al. (2016) show that 
observed multidecadal variations in the NAO induce multidecadal variations in the 
AMOC and poleward ocean heat transport to the North Atlantic and the Arctic Ocean by 
extension. These changes are linked to changing Atlantic tropical cyclone activity, rapid 
Arctic Ocean sea ice loss, and Northern Hemisphere warming all superimposed on the 
long term anthropogenic warming signature. Lohmann et al. (2008) suggests that any 
cooling of the subpolar gyre during the NAO’s positive phase may be short-lived on 
ocean timescales, being replaced by warmer waters after about 10 years. In addition, 
Lohmann et al. (2008) found that the negative phase of the NAO doesn’t produce a sign 
reversal, but a weakening of the overall system. 
Moore et al. (2015) use a range of initial atmospheric forcing conditions to calculate the 
annual maximum mixed-layer depth attained in the Greenland and Iceland seas. 
Therein, a relationship between ocean-to- atmosphere heat flux and mixed-layer depth 
is defined such that when heat fluxes exceed 150 Wm-2 an additional 10 m of mixed 
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layer depth is possible for every 1 Wm-2 over the threshold. Thus, if the winter heat loss 
is severe enough the weakly stratified layer beneath the pycnocline is easily overcome 
by the convection.  
Under climate warming, it is projected by the following studies that this vital heat 
transport system may weaken or, in extreme scenarios, even shut down due to 
increased stratification of the watermasses in key sinking regions. Watermasses may be 
more stable as (1) sea surface temperatures warm or (2) sea surface salinities 
decrease due to freshwater input caused by ice sheet melt and/or increased 
precipitation. These changes are all consistent with increased greenhouse gas forcing. 
In representative concentration pathway (RCP) simulations from the Coupled Model 
Intercomparison Project (CMIP5), all models project weakening of the AMOC, though to 
varying degrees (Cheng et al. 2012).  
 Carton et al. (2011) discusses the variation of the Atlantic Water in the Nordic and 
adjacent seas. They define warming and cooling events in this region relative to heat 
storage changes of either positive or negative 2 X 1020 J over a time period spanning at 
least two years. The paper discusses the origins and properties of a cooling event 
lasting from summer of 1976 through January of 1989, citing meteorological causes for 
its formation. Salinity in anomalously cold watermasses is not always elevated, though 
cold anomalies are often associated with higher salinity water (Carton et al 2011). Other 
studies examine watermasses defined by other, easier to quantify, characteristics. 
Årthun et al.  2011 characterizes watermasses by density using a threshold temperature 
of 0˚C and salinities greater than 34.75 PSU which equates to density thresholds of 
around 1027 kgm-3. They found that changes in density in the Barents Sea are closely 
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tied to advection of Atlantic Water. Cooling of the N. Atlantic inflow on its journey 
northward as well as general ice growth in the Barents Sea are important drivers of cold 
deep water formation, and therefore the cold deep water export into the Arctic Ocean 
itself.  
Not only can watermass anomalies impact the Arctic Ocean, but they are also crucial to 
the AMOC system. In fact, atmospherically forced anomalies alone are sufficient (as 
opposed to fully coupled ocean-atmosphere interactions) to trigger multidecadal 
variability in the thermohaline circulation in ocean models (Delworth et al. 2000). Air-sea 
heat fluxes have also been found to be key contributors to the so-called “North Atlantic 
Cold Blob” of 2013-2014. For example, Grist et al. (2015) found that heat fluxes from 
the ocean to atmosphere as colder drier air dominated the region south of Greenland 
created the blob in question. There is also evidence that this blob, which largely lost its 
sea surface temperature signature in the summer of 2014, re-emerged in the winter of 
2014-2015 due to sub surface storage of the colder waters. Changes in heat fluxes 
between the ocean and atmosphere appear to dominate the freshwater and momentum 
fluxes in determining changes in events such as the 2013-14 “blob” in the North Atlantic. 
Overall, the projected weakening of the AMOC may also allow for neutral trends or even 
growth in decadal sea ice in the North Atlantic (Yeager et al. 2015). Such variations, 
including the North Atlantic “blob”, are consistent with the North Atlantic “warming hole” 
that is prominent in maps of recent air temperature trends (Drijfhout et al., 2012). Figure 
1.4 shows a Northern Hemisphere trend map in which this “warming hole” is apparent.  
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The literature reviewed herein discuss a variety of topics regarding our changing climate 
and the AMOC. However, it is possible that warming holes or localized cooling events 
have an impact as well aside from phenomena induced by large scale climate warming.  
1.4 The Study 
This dissertation seeks to explore impacts increased CAO events over the Gulf Stream 
have on the density distribution of the North Atlantic Ocean through a three part study. 
The first component of the study is an observational analysis exploring the differences 
in oceanic variables during CAO years with respect to opposite patterns, dubbed warm 
air occurrence (WAO) years. The second component is a model experiment comparing 
a subset of CAO and WAO years’ density distribution from an interannually forced 
model simulation. This experiment focuses on single years as they occurred in the 
historical sequence of years of observed atmospheric forcing. The final component is a 
modeling study investigating what happens to the density of the North Atlantic Ocean 
when CAO years of forcing are successively repeated over the Gulf Stream and when 
WAO years of forcing are successively repeated over the Gulf Stream. The persistence 
of the changes in forcing in the latter experiment is intended to mimic a more systematic 
climate change, as opposed to the interannual variability that characterizes the 
experiment in the second component. A motivating hypothesis of this study is that the 
air-sea fluxes associated with CAO events in the eastern United States will be 
manifested in offshore ocean variations that will be advected poleward by the Gulf 
Stream, possibly impacting the subpolar regions where oceanic deep convection drives 
the thermohaline circulation.  In all cases, a key objective is to determine the temporal 
and spatial scales of ocean anomalies that are driven by CAO or WAO events and that 
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may impact the thermohaline circulation (THC), which manifests itself in the Atlantic as 
the AMOC. 
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1.5 Figures 
 
Figure 1.1: Figure 8 f of g from Overland et al. 2011 depicts the winter of 2010, with a 
warm arctic cold continent pattern as part of the negative phase of the North Atlantic 
Oscillation. 
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Figure 1.2: Schematic of blocking pattern as a result of arctic amplification of climate 
warming from Francis and Vavrus 2012. 
 
 
 
 
 
 
 
13 
 
 
Figure 1.3: Schematic of the northern portion of the AMOC current system from Curry et 
al. 2005. 
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Figure 1.4: Trend in surface air temperature for the ‘cold’ season (November – April) as 
estimated based on observations spanning the period 1961 to 2014. Source:  NASA 
GISTEMP (http://data.giss.nasa.gov/gistemp/maps/) 
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Chapter 2:  Overview of models and supporting datasets 
2.1 Model Description 
Simulations were completed using POP2 (Parallel Ocean Program version 2) coupled 
with CICE (Community Ice CodE) versions specifically designed for use within the 
Community Earth System Model. However, both models are widely used both 
individually, coupled with one another, and fully coupled within the CESM model suite 
and other general circulation model systems (Griffies et al. 2000).  
 
2.2 POP2 
POP2 is a staggered horizontal B-grid, vertical level-coordinate (also known as z-
coordinate) general ocean circulation model designed for implementation in the CESM 
suite of models at Los Alamos National Laboratory. The POP2 B-grid allows for output 
of scalars at centers and vectors at the corners of the grid cells. Unlike isopycnal 
models, which use density rather than depth or potential temperature as their vertical 
coordinate, level-coordinate models are comparably simpler to write and, as they are 
not wholly density dependent, tend to better represent the transition layer between the 
poorly stratified mixed layer and the free ocean.  
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In x and y discretized along the B-grid, the horizontal momentum equations are given by 
the following relationships:  
𝜕
𝜕𝑡
𝑢𝑥 + ℒ𝑈(𝑢𝑥) + 𝑢𝑥𝑢𝑦𝑘𝑦 − 𝑢𝑦
2𝑘𝑥 − 𝑓𝑢𝑦 = −
1
𝜌0
𝛿𝑥𝑝𝑦̿̿̿̿ + Ϝ𝐻𝑥(𝑢𝑥, 𝑢𝑦) + Ϝ𝑣(𝑢𝑥) 
𝜕
𝜕𝑡
𝑢𝑦 + ℒ𝑈(𝑢𝑦) + 𝑢𝑥𝑢𝑦𝑘𝑥 − 𝑢𝑥
2𝑘𝑦 − 𝑓𝑢𝑥 = −
1
𝜌0
𝛿𝑦𝑝𝑥̿̿ ̿ + Ϝ𝐻𝑦(𝑢𝑦, 𝑢𝑥) + Ϝ𝑣(𝑢𝑦) 
Though volume changes due to wave action at the free surface are not accounted for 
within these equations, little error is introduced when compared to the uncertainty within 
the applied wind stress.  
As is commonly employed in ocean modeling, we apply the K-Profile Parameterization 
(KPP) for vertical mixing (Large et al. 1994). This parameterization allows for mixing 
from shear instability as a function of the bulk Richardson number, internal wave 
activity, and double diffusion. This scheme contributes information on the boundary 
layer depth and communicates boundary layer properties to beyond the thermocline 
(similar to communicating atmospheric boundary layer properties to the free 
atmosphere). Large et al. (1997) compares the KPP scheme to observations and 
findsthat the parameterization works well, and independent editing of the KPP module is 
discouraged.  
Horizontal advection of tracers is handled using a third order upwind advection scheme. 
Mixing in the horizontal is anistrophic (varies in magnitude based on direction), as 
explained in the Gent-McWilliams isopycnal tracer diffusion scheme (Gent and 
McWilliams 1990).  
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The model is run at 3° lat/lon resolution with a two hour leap frog scheme time step to 
optimize both computation time and the Courant-Friedrichs-Lewy (CFL) stability 
condition. As the grid is composed of latitude and longitude points, the meridians 
converge at the North Pole, causing for irregularly shaped (non square) grid boxes in 
Polar Regions. To remove any impacts of an irregular grid on ocean circulation, we 
displace the pole away from the ocean to Greenland, as is common practice in POP 
ocean simulations (Washington et al. 2000).   Most ocean output variables are monthly, 
with few available daily. 
Though climatologists chiefly regard only the large-scale motion of the ocean, smaller 
scale eddies (analogous to atmospheric storms) are non-negligible features.  While 
eddy-resolving models are almost always the ideal for answering questions regarding 
mesoscale heat fluxes, our aim in this study was to capture the broad-scale response of 
the ocean to contrasting patterns of atmospheric forcing.  This approach is similar to the 
global climate modeling community’s use of non-eddy-resolving ocean models in 
coupled atmosphere-ocean simulations, with more detailed eddy-resolved simulations 
left to regional coupled climate models or to high-resolution regional ocean models.  In 
addition, computational resource availability and cost were valid concerns throughout 
the course of the project, leading to the selection of a coarser spatial and temporal 
resolution run for minimal cost on the University of Illinois Department of Atmospheric 
Science’s own Keeling Cluster.  In the same vein as global coupled climate model 
simulations, the results of this study should therefore be viewed as benchmarks, against 
which more complete ocean simulations with eddy-resolving models can be referenced. 
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2.3 CICE 
POP2 was coupled with the Los Alamos sea ice model, CICE, as part of the ocean-ice 
system. CICE is a freely available computationally efficient sea ice model, widely used 
by those climate model systems included in the Intergovernmental Panel on Climate 
Change’s Fourth and Fifth Assessment reports though it was designed for use with 
POP. Thermodynamic snow and ice growth due to radiative fluxes and snowfall, ice 
dynamics, ice transport, volume, and other state variables are simulated within the 
model.  
 
2.4 Climatological Data 
Earth System Research Laboratory (ESRL) Atmospheric Data 
Atmospheric data for the observational study were provided by the ESRL database of 
reanalyses. Specifically, means and anomalies were calculated from the NCEP/NCAR 
Reanalysis Project output and are considered analogous to observed climatological 
conditions for the purposes of this study (Kalnay et al. 1996). 
 
NOAA Extended Reconstructed Mean SST 
Observations of SST are provided from ESRL repository of NOAA extended 
Reconstructed Mean SST (ERSST v.3) (Smith et al. 2007). Derived from the 
International Comprehensive Ocean Atmosphere Data Set (ICOADS), the NOAA 
ERSST v.3 is a global monthly analysis of ssts encompassing times from 1854 to 
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present day. Using spatial and temporal statistical interpolation, ERSST v.3 provides 
monthly mean ssts encompassing 88°S to 88°N latitudes over all longitudes. 
2.5 Model Forcing Data 
CORE2 
Atmospheric conditions (temperature, pressure, moisture, wind, and radiation) within the 
model simulations were prescribed to historical data from the CORE2 (Common Ocean 
Reference Experiments version 2) (Yeager and Large 2008, Large and Yeager 2009). 
The CORE team combines data from field experiments and satellite observations with 
high resolution NNRP output to agree with the most reliable in-situ observations, thus 
creating a dataset that covers the entire world ocean in an optimized manner. More 
details on model forcing configurations will follow in subsequent chapters as needed to 
describe model experiments. 
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Chapter 3: Observational Evidence of Impacts of CAO’s over the Gulf Stream 
 
Before considering model output in later chapters, we seek insight into observational 
evidence of impacts of CAO and WAO years North Atlantic and Arctic Ocean and 
atmospheric properties. We expect large upward (latent and sensible) heat and 
moisture fluxes during years with persistent CAO’s based on thermodynamic interaction 
between cold air and relatively warm water. These heat and moisture fluxes are 
hypothesized to cause anomalies in SST and salinity that will persist downstream into 
regions key to sinking in the AMOC and inflow into the Arctic Ocean.  
 Hypothesis 1: Large upward (latent and sensible) heat and moisture fluxes 
during persistent CAO’s cool Gulf Seam surface and increase the near-surface 
salinity 
 Hypothesis 2: These changes in sea surface temperature will persist 
downstream and lead to colder and/or saltier water in regions important to the 
North Atlantic meridional overturning circulation (AMOC) and Arctic Ocean inflow. 
To examine our hypotheses we employ data from several sources available through the 
Earth System Research Laboratory: 
 Temperature, latent heat, sensible heat, and sea level pressure data come from 
the NCEP/NCAR Reanalysis 
 Sea surface temperature data are from the NOAA Extended Reconstructed SST 
v3b dataset 
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Temperature  anomalies in January, February, and March over the eastern United 
States and the North Atlantic Ocean are examined. During this time of the year, we 
expect conditions consistent with northern hemisphere winter, with large deviations in 
temperature between the Gulf Stream and the low levels of the atmosphere during cold 
air events. Using 1000 hPa ESRL NNRP temperature anomalies from the 1981-2010 
climatology for each year from 1975-2013, we composed a list of five coldest (hereafter 
referred to as the CAO years) and five warmest (hereafter referred to as WAO years) 
temperature anomalies over the eastern United States and Gulf Stream region 
(extending from 90°W to 35°W and 20°N to 60°N) (Table 3.1, Figure 3.1). All of the 
following experiments, figures, and discussion in this chapter will compare variables as 
differences (CAO years minus WAO years) unless explicitly stated otherwise.  
Since the temperature difference between the warm Gulf Stream current and 
atmosphere is largest during winter months, it stands to reason that the largest sea to 
air fluxes of temperature and moisture will occur in those months. Thus, the largest 
differences between key variables during CAO and WAO years should occur in January 
and February (JF) as well (Bunker 1976). To maintain comparability with model results 
from later chapters, we exclude December as a winter’s December is not in the same 
calendar year as JF. For these reasons we focus on differences between CAO and 
WAO years in JF rather than JF and December or March. 
To fully represent the differences in the atmospheric conditions in CAO vs. WAO years, 
we examine difference plots of sea level pressure (SLP), 850 hPa geopotential height, 
and 300 hPa geopotential height.  As shown in Figure 3.2, JF CAO SLP is up to 5 hPa 
lower over the North Atlantic than WAO SLP while higher pressures of similar 
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magnitude in CAO years dominate over most of North America. This result is 
comparable in sign (though not necessarily causality and geographic location of centers 
of anomalies) to Overland et al. (2011)’s investigation of December 2009 and 2010 
(Figure 3.3). Overland et al. (2011) argue that a warming Arctic leads to high (positive) 
SLP anomalies in the Arctic and lower (negative) SLP anomalies in midlatitudes. 
Further north, near Greenland and Iceland and most of the Arctic Ocean basin lies a 
positive SLP anomaly of similar magnitude, consistent with findings shown in Figure 3.2.  
Aloft, 850hPa (Figure 3.4) and 300 hPa (Figure 3.5) JF height differences depict the 
barotropic nature of the signal, with higher heights in CAO years (100 to 150 
geopotential meters respectively) over much of North America and the North Atlantic 
into the Arctic Ocean and lower heights in CAO years over the southern half of the 
North Atlantic. As we examine higher elevations in the troposphere (Figure 3.5), the 
response resembles the Overland et al. (2011) findings much more closely. This 
response suggests more atmospheric mass in the Arctic and Greenland Sea and Fram 
Strait with less atmospheric mass in the midlatitudes during CAO years. The evidence 
of lower pressures suggests that CAO years are have more frequent or consistent 
cyclonic storms than WAO years over the Gulf Stream.  
To further investigate the vertical structure of the difference pattern, we inspect the 
vertical cross section of the CAO minus WAO difference field through 40°N latitude to 
transect the region where CAOs typically occur.  Figure 3.6 shows a deep cold anomaly 
of at least -4°C extending up to approximately 550 hPa over the Gulf Stream, from 
75°W to around 55°W, relative to warm years. The sharp gradient in the difference field 
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near the ocean surface from about 80°W to 70°W is consistent with the loss of heat 
from the ocean to the atmosphere.  
Quantifying the CAO minus WAO difference in ocean to atmosphere heat fluxes from 
NNRP, Figure 3.7 depicts the sensible heat flux difference field. CAO years produce 
upward sensible heat fluxes more than 100 Wm-2 larger than WAO years over a large 
portion of the North Atlantic, prominent over the Gulf Stream. Further understanding of 
ocean to atmosphere heat and moisture flux difference fields requires investigation of 
latent heat fluxes.  The JF latent heat flux difference (CAO minus WAO) is depicted in 
Figure 3.8. Again, CAO years produce larger fluxes than their WAO counterparts (≈120 
Wm-2 larger), especially over the Gulf Stream. Considering the latent and sensible heat 
fluxes alone, there is a potential decrease of at least a few degrees Celsius in SSTs 
between CAO and WAO years. Figure 3.9 portrays exactly the expected result: JF CAO 
temperatures are over 1°C colder than their WAO counterparts.  
To influence long-term patterns of ocean temperature, salinity, and overall density, we 
expect some evidence of cold differences not only in JF, but also in December and 
subsequent months. For a complete picture, we first examine the difference in SST 
during the December preceding the CAOs and WAOs (Figure 3.10). Weakly colder 
SSTs are present in CAO years over the Gulf Stream region, with SST difference values 
around 1°C colder than WAO years. Further studies might consider investigating the 
relationship between December SST and CAOs during JF to quantify how conditions 
may be set up for optimizing the impact of CAOs. 
Moving on to later months, colder SSTs (≈ -.75 °C) are present over the Central North 
Atlantic, especially near Cape Hatteras (≈ -2 °C) in Mar following CAOs (Figure 3.11). 
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Note that these areas also showed larger upward heat and moisture fluxes during JF of 
CAO years than WAO years. This signal persists to a lesser degree through both April 
(Figure 3.12) and May (Figure 3.13) following CAO or WAO JF’s. June (Figure 3.14) 
and July (Figure 3.15) show the weakening and migration of the colder signal away from 
the east coast of the United States further into the central North Atlantic. As the year 
evolves into late summer/early autumn in August (Figure 3.16) and September (Figure 
3.17) the cold signal reappears in the Gulf Stream region. The signal then returns to the 
colder pattern associated with winter in October (Figure 3.18), and November (Figure 
3.19). As the ocean is perturbed by loss of heat during CAOs, SST anomalies can 
persist on timescales of several months. During the summer, surface waters are heated 
and more stably stratified. Re-emergence occurs after the mixed layer allows for vertical 
mixing of the cold anomaly upward back to the sea surface as described in Alexander et 
al. (1999). The cold signal near Greenland persists year-round with the exception of 
November.  
Observations contained herein show that CAO’s over the Gulf Stream produce large 
upward sensible and latent heat fluxes from the ocean to the atmosphere.  These fluxes 
remove heat from the ocean’s mixed layer, altering SSTs and temperatures in the upper 
ocean. The next two chapters further explore the impacts of cold air versus warm air 
over the Gulf Stream using model output to investigate ocean temperature and salinity 
and how each relates to changes in ocean density over time and over areas 
downstream from the cold or warm anomalies.  
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3.1 Table 
Table 3.1: Numerical Value of CAO and WAO Year Temperature Anomalies 
 
 
 
Table 3.1: Maximum Gulf Stream air temperature anomalies for selected CAO and 
WAO years in ˚C from ESRL. 
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3.2 Figures 
 
 
Figure 3.1: CAO and WAO Temperature Anomalies: ESRL 1000hPa JF temperature 
anomalies for the CAO and WAO sets of years. 
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Figure 3.2: ESRL JF CAO minus WAO sea level pressure (mb). 
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Figure 3.3: Analogous to Overland et al. (2011), NNRP reanalysis 1000 hPa 
temperature anomalies for December 2009 and 2010 from the 1968-1998 climatological 
mean in ˚C centered over the Pacific Ocean. 
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Figure 3.4:  ESRL NNRP 850 hPa geopotential height CAO minus WAO in meters. 
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Figure 3.5: ESRL NNRP 300 hPa geopotential height (m) CAO minus WAO. 
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Figure 3.6: From ESRL. CAO minus WAO vertical cross section of temperature along 
the 40N latitude circle. 
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Figure 3.7: JF sensible heat flux difference (W/m^2) CAO minus WAO. 
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Figure 3.8: JF latent heat flux difference (W/m^2) CAO minus WAO. 
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Figure 3.9: JF SST temperature differences (˚C), CAO minus WAO. 
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Figure 3.10: December SST temperature differences (˚C), CAO minus WAO. 
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Figure 3.11: March SST temperature differences (˚C), CAO minus WAO. 
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Figure 3.12: April SST temperature differences (˚C), CAO minus WAO. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
38 
 
 
Figure 3.13: May SST temperature differences (˚C), CAO minus WAO 
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Figure 3.14: June SST temperature differences (˚C), CAO minus WAO. 
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Figure 3.15: July SST temperature differences (˚C), CAO minus WAO. 
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Figure 3.16: August SST temperature differences (˚C), CAO minus WAO. 
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Figure 3.17: September SST temperature differences (˚C), CAO minus WAO. 
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Figure 3.18: October SST temperature differences (˚C), CAO minus WAO. 
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Figure 3.19: November SST temperature differences (˚C), CAO minus WAO. 
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Chapter 4: Experiment 1: How does the North Atlantic Ocean density respond to 
CAO and WAO winters over monthly to seasonal timescales? 
4.1 Methods  
POP-CICE was run with inter-annually varying CORE2 atmospheric forcing from the 
calendar year 1975 to 2012, a timeframe chosen to include all ten of our CAO and WAO 
years. This span of time also ensures that none of the CAO and WAO years used in this 
study are the initial two years to allow the model to spin up to the prescribed forcing. 
The spin-up of the model to periodic forcing is illustrated in Chapter 5. To compare the 
most extreme years and assess the relative impacts of intense CAO vs WAO years, we 
narrow our analysis to include the years with the largest temperature anomaly from 
climatology over the East Coast of the United States and Gulf Stream region (see Table 
3.1). The CAO years on which we focus our analysis are 1977, 1978, and 1979; while 
the WAO years are 1990, 2000, and 2012 (Figure 4.1).  
4.2 Assessing Changes in Ocean Density 
To assess possible differences in ocean circulation during CAO vs. WAO years, we look 
to the simplified equation of state of the ocean: 
ρ = ρ(θ,S,p) → ρ(θ,S,z) 
p0(z) = 0.059808[exp(−0.025z) − 1] + 0.100766z + 2.28405 × 10−7z2 
ρ = f (T,S,p) (Equation 4.1) 
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where ρ (density) is a nonlinear function of T (temperature), S (salinity), and p (pressure 
or depth). The full equation of state of the ocean is complicated by the inclusion of 
dissolved salts:  
𝛼(𝑇, 𝑆, 𝑝) =  𝛼(0,35, 𝑝) + 𝛿𝑠 + 𝛿𝑡 + 𝛿𝑠,𝑡 + 𝛿𝑠,𝑝 + 𝛿𝑡,𝑝 + 𝛿𝑠,𝑡,𝑝 (Equation 4.2, From Pond and 
Pickard 1983) 
where 𝛼 =
1
𝜌
,  and 𝛼(𝑇, 𝑆, 𝑝) represents the specific volume of a sample of water with 
respect to an arbitrary volume of standard sea water with T= 0˚C and S = 35 PSU, and 
𝛿 refers to specific volume anomalies incurred by combinations of T, S, and p.  Salinity 
is typically not measured directly as the amount of dissolved material in water per unit 
volume. Such a measurement is referred to as absolute salinity. Rather, the close 
relationship between seawater’s conductivity and its salinity enables the use of 
conductivity measurements to obtain precise values of salinity.  Conductivity-derived 
salinity is often referred to as “practical” salinity. 
Observational oceanographers prefer the use of absolute salinity as described in an 
updated Gibbs function widely referred to as the thermodynamic equation of seawater 
(TEOS-10, IOC et al. 2010). This equation is rather exhaustive and generally requires 
information not well captured in simulations at our chosen resolution. As such we 
evaluate ocean density using the simplified version above. The POP2 user’s manual 
provides an exhaustive breakdown of the model’s handling of the equation of state 
(Smith et al. 2010).  
 
 
 
 
47 
 
Temperature 
Before examining temperature, we ensure that the model produces upward heat fluxes 
similar to those found in observations of CAO events. When heat is lost from the ocean 
to the atmosphere (blue colors in Figure 4.2), the expected result is a cooling of SST 
(sensible heat loss) and an increase in SSS (evaporation/latent heat flux). Figure 4.2 
depicts the CAO minus WAO total upward heat flux difference (latent plus sensible 
heat) output averaged over JF. Larger upward heat fluxes are produced in CAO years 
over the Gulf Stream and North Atlantic, thus showing a difference of up to +20 W/m^2 
in CAO years with respect to WAO years. While the spatial patterns are similar to those 
shown in observations (Figures 3.7 and 3.8), the simulated values are somewhat 
smaller than their observational counterparts. Additionally, the ocean loses both latent 
and sensible heat in the key sinking regions near Greenland. Figure 4.3 (a and b) 
shows composite JF CAO and WAO simulated SST respectively. Visually, there are 
very few differences between the two fields.  Ocean surface potential temperature 
differences, as depicted in Figure 4.4, are warmer over most of the region of interest in 
the CAO years than the WAO years, in contrast to the hypothesis and the 
observationally-derived results.  Even as we examine potential temperatures at 200 m 
depth, representing waters towards the bottom of the average mixed layer, they are 
warmer in the CAO years (Figure 4.5). We will further address this result later in the 
chapter. 
Salinity 
Continuing our investigation of the simulated oceanic equation of state, Figure 4.6 
shows the JF Ocean Surface Salinity, CAO minus WAO years. Two watermasses at the 
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same temperature may have different densities depending on the water’s salinity. More 
suspended salts contribute to larger values of density, while less salt content suggests a 
lower density.  
In the regions exhibiting larger upward heat and moisture fluxes, we see more saline 
waters. As more fresh water is evaporated off the ocean surface during CAO years, the 
waters become more saline by up to 2 PSU. This is especially evident over the much 
North Atlantic in Figure 4.6. However, there is little change in salinity over the Gulf 
Stream directly off of the East Coast of the US. In this case, precipitation during 
extratropical cyclones preceding cold air events may offset some of the salinity 
difference. Another piece of evidence for precipitation offsetting some of the increase in 
salinity from CAO years is depicted in Figure 4.7, the salinity difference at 200 m depth 
which shows a salinity increase between .5 and 1 PSU in the Gulf Stream region as well 
as the wider North Atlantic.  
Total Density 
After examining the changes in temperature and salinity in CAO years versus WAO 
years, we examine total density.  Beginning at the surface as shown in Figure 4.8, there 
appears an area with little or no change in surface densityover the south-central North 
Atlantic (changes in density here are less than +/- 0.5 kgm-3). Further north, extending 
from the Canadian Maritimes into a broad area south of Greenland, increased densities 
of up to 1 kgm-3 dominate in the CAO years. These increased densities are consistent 
with the increased salinities in Figure 4.6. There are two notable exceptions. Just east 
of Greenland, a small region of less dense waters can be found, coinciding with warmer 
surface temperatures and fresher waters (as shown in Figure 4.4 and Figure 4.6). The 
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other exception is the very obviously large positive density change in CAO years over 
southern Baffin Bay. 
Investigating further depths, we turn to figure 4.9 and examine the changes in density at 
200 m depth. In this case, we see a widespread decrease in density east of the Gulf 
Stream region of about 0.25 kgm-3. Over the Labrador Sea, however, densities are up to 
about 0.5 kgm-3 greater in CAO than WAO years. The model output of temperature and 
salinity seem to suggest that the non-intuitive increase in temperature is dominating the 
density signal over the Gulf Stream itself, while increases in salinity dominate the 
density field in the key sinking regions near Greenland. This is consistent with the 
general oceanic temperature-salinity-density relationship, in which temperature exerts 
greater control on density at higher temperatures while salinity exerts greater control at 
lower temperatures. 
Over the Arctic Ocean densities are larger in the CAO cases than the WAO cases. 
Because salinity is the main determinant of density variations near the freezing point, 
temperature is not the obvious driver of these differences at key levels in the Arctic 
Ocean system. At 200 m depth in the Arctic Ocean, there is an increase of salinity of 
over 1 PSU in the CAO years relative to the WAO years. As both the surface and the 
waters below are important to arctic sea ice formation because of the stratification, 
answers to the causality are more likely found in model output of sea ice.   
Output from the CICE model (run coupled with POP2 for all of this project’s simulations) 
allows consideration of some key sea ice variables, thus assisting in this analysis. Here 
the difference between CAO and WAO sea ice extent is represented by the percent of 
the model grid box flagged as covered by sea ice, or the aggregate ice area. Figure 
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4.10 shows up to 5% less sea ice area along the climatological ice edge in CAO years, 
especially in the North Atlantic. Additionally, the difference in sea ice thickness (m) 
depicts thinner ice along the same region, on the order of about 0.5 m thinner in CAO 
years (Figure 4.11). This feature is accompanied by an increase in ice to ocean salt flux 
of 0.5 kgm-2day-1 (Figure 4.12). Output also suggests less ice coverage and thinner ice 
over the Bering and Barents Sea in JF CAO years with respect to WAO years. This 
result lends credence to the supposition that an overall decrease in sea ice relates to 
the Northern Hemisphere atmospheric circulation, though other works more directly 
investigate the relationship between the two phenomena. 
4.3 Ocean Stability 
Boundary Layer Depth 
Just as the atmosphere has a boundary layer impacted by contact with the earth’s 
surface, the ocean has a boundary layer separating the part of the ocean in direct 
contact with the atmosphere and the free ocean below that is not directly impacted by 
wind stress, heat, and moisture fluxes at the ocean surface. The depth of this layer, 
unlike that of its atmospheric counterpart, largely depends on mixing due to friction 
rather than buoyancy. In both January (Figure 4.13) and Feb (Figure 4.14), there lies a 
vast area southeast of Greenland extending to the greater European coastline where 
boundary layer depths are over 150 m deeper in CAO years than WAO years. 
Assuming that a decrease in SLP directly relates to an increase in cyclone activity, CAO 
years would then experience an increase in wind-induced surface mixing (dynamic 
mixing).  The vertical gradient of the sign of the difference (CAO – WAO years) in 
density between the surface and 200 m depth also suggests a change in stratification 
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that would result in more density-driven (thermodynamic) mixing in CAO years than in 
WAO years.  Specifically, Figures 4.8 and 4.9 show that the density decrease at the 
surface is greater than at 200 m in CAO yearsmore so than in WAO years, indicative of 
a tendency for more mixing in the CAO years.  
Upward Velocity 
Rising and sinking ocean water drive the AMOC. Hence changes in vertical velocity in 
regions vital to driving the MOC likely impact the MOC as a whole, with the impact 
depending on the magnitude and sign of the vertical velocities. Differences in surface 
vertical velocities across the North Atlantic are stronger in January, as shown in Figure 
4.15. It is important to note that vertical velocity (Dz/Dt) is defined such that z (depth) is 
positive and increases downward for the ocean. That is, a positive change in vertical 
velocity indicates an increase in sinking motion. Positive differences in velocity along 
the east coast of the US and off the coast of Nova Scotia indicate increased sinking 
motion. Near Greenland and Iceland, the pattern is quite variable. Further studies at 
higher resolution could better define impacts of CAOs versus WAO’s on vertical motion 
in this region. The output of this particular study suggests that there is more sinking 
motion during CAO years in regions important to the MOC. 
Overall MOC Pattern 
Meridional Overturning Circulation (MOC) patterns can impact on the climate system, 
especially in the Northern Hemisphere, and much of the sinking of the MOC occurs in 
the Greenland and Labrador Seas. For the sake of comparison, Figures 4.17 and 4.18 
depict CAO and WAO composite MOC respectively. Sinking motion is depicted in blue 
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while rising motion is depicted in brown. MOC strength in Sverdrups is explicitly 
simulated in the POP2 model for key North Atlantic sinking regions and is output 
directly. Both Figure 4.17 and 4.18 show MOC streamlines depicting the action center 
farther south than is observed in the ocean, while there is rising motion at 30N and 
30S.. The difference between the CAO and WAO years is shown in Figure 4.19. From 
this figure, it is evident that the vertical motion is stronger over the majority of the depth 
of the ocean in the CAO years, although the downward motion (sinking) occurs farther 
equatorward in the model than in the real-world locations (Greenland Sea, Labrador 
Sea). 
4.4 Experiment 1 Conclusions  
In general surface temperature results are not initially intuitive and don’t compare well to 
NCEP/NCAR Reanalysis air temperatures in the Gulf Stream region. This result does 
not support the original hypotheses regarding the large-scale impacts of CAO events on 
surface temperatures. Additionally, surface density appears to be larger in CAO cases 
than WAO cases over the majority of the N. Atlantic and this signal is dominated by 
hypothesized differences in salinity rather than temperature. It is possible that the 
results do not agree with the initial hypothesis because the signature of the CAO events 
is dominated by WAO events further north (Figure 3.9).  It is also possible that any 
single year of CAO provides insufficient forcing to produce expected results. This leads 
to the question of how the ocean responds to repeated CAO and WAO forcing over 25 
years. This question is addressed in the following chapter. 
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4.5 Figures: 
 
Figure 4.1: Subset of the six best CAO and WAO years for Experiment 1. 
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Figure 4.2: Total upward heat flux (latent + sensible heat (W/m^2)), CAO minus WAO 
years. 
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Figure 4.3 JF Sea Surface Temperature (a) CAO and (b) WAO composite 
 
 
56 
 
 
Figure 4.4 CAO minus WAO sea surface temperature (˚C). 
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Figure 4.5 CAO minus WAO 200 m temperatures (˚C). 
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Figure 4.6 CAO minus WAO SSS (g/kg). 
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Figure 4.7 CAO minus WAO salinity (g/kg) at 200 m depth. 
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Figure 4.8 CAO minus WAO surface density (kgm^-3). 
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Figure 4.9 CAO minus WAO density at 200m (kgm^-3). 
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Figure 4.10 Arctic Ocean sea ice extent (%), CAO minus WAO. 
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Figure 4.11 Arctic Ocean sea ice thickness (m). 
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4.12 Arctic Ocean Ice to Ocean Salt Flux in kg/m^2/day of salt, CAO minus WAO. 
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Figure 4.13 January maximum boundary layer depth (m), CAO minus WAO. 
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Figure 4.14 February maximum boundary layer depth (m), CAO minus WAO. 
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Figure 4.15 January vertical velocity (cm/s), CAO minus WAO. 
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Figure 4.16 February vertical velocity (cm/s), CAO minus WAO. 
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Figure 4.17 JF CAO composite Meridional Overturning Circulation (Sverdrups). 
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Figure 4.18 JF WAO composite Meridional Overturning Circulation (Sverdrups). 
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Figure 4.19 JF CAO minus WAO Meridional Overturning Circulation (Sverdrups) 
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Chapter 5: Experiment 2: How does the N. Atlantic Ocean density respond to 25 
successive CAO and WAO winters? 
 
5.1 Experiment Methods  
POP-CICE was run with repeated CORE2 forcing from model 25 years with CAO 
forcing from 1977 and 1979 and WAO forcing from 1990 and 2000 (Figure 5.1) to 
assess whether single-year analyses like those in Chapter 4 are adequate to capture 
the effects of systematic changes in atmospheric forcing. Repeated forcing of atypical 
years can provide insights into possible oceanic responses to  atmospheric forcing that 
could be more typical of a changed climate as opposed to interannual variations of 
forcing as utilized in Experiment 1 (Chapter 4). Of the pool of ten WAO and CAO years, 
two of each were selected based on the presence of opposite persistent pressure 
patterns over the Gulf Stream during the JFM period. During this time, cold 
temperatures were favored over the Gulf Stream in both 1977 and 1979. During 1990 
and 2000 warm temperatures were favored. During each of the selected years patterns 
were persistent, as shown in Figures 5.1 and 5.2. Forcing was applied repeatedly for 25 
simulation years for each case. For example, the 1977 case is 25 model years forced 
with 1977 CORE2 data while the 1990 case is 25 model years with 1990 CORE2 data 
forcing. Each of the four cases was run with 25 years of the same forcing, allowing an 
assessment of the effect of repeated years of similar anomalous forcing.  Stability and 
performance of the model are evaluated in Figures 5.2, 5.3., and 5.4.  First, Figure 5.2 
(a) exposits SST data from the NCEP Global Ocean Data Assimilation System 
(GODAS) provided by the NOAA/OAR/ESRL Physical Sciences Division, Boulder, 
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Colorado (http://www.esrl.noaa.gov/psd/). GODAS assimilates real time data from the 
Global Ocean Observing System. Figure 5.2 compares the GODAS climatology (a) with 
SST output for the CAO simulations (b) and the WAO simulations (c). There are no 
large differences between the three figures, indicating that the model’s SST output is 
realistic when compared with GODAS. Similarly GODAS ocean currents in Figure 5.3 
(a) compare relatively well with the CAO simulated currents in Figure 5.3 (b) and the 
WAO simulated currents Figure 5.3(c), with one important caveat in our region of 
interest: the simulated Gulf Stream in both cases is much weaker than observed.  Given 
the relatively coarse resolution of the ocean model used in the present study, such 
differences in intensity are to be expected.  
Model simulations were stable, as shown in the time series of SST from off the US East 
Coast (Figure 5.4). Each simulation provides unique forcing and output. Consistently, 
1990 (solid red curve) is the warmest year while 1977 (solid blue curve) and 1979 
(dashed blue curve) are coldest in the winter. The output for the 2000 case is 
consistently moderate as compared to the more extreme counterparts.  
 
5.2 Mean Atmospheric Conditions CAO minus WAO 
To further understand the atmospheric forcing conditions, we visualize CAO minus 
WAO SLP from the CORE2 forcing data in Figure 5.5. CAO SLP in the Central Arctic is 
largely higher than in the WAO cases by up to 500 Pa (5 mb). The signature of the 
North Atlantic Oscillation (NAO) is strong, with negative NAO indices implied for the 
CAO years and/or positive NAO indices for the WAO years.  Over the North Atlantic, 
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SLP is mostly lower in the CAO subset than the WAO by ~300 Pa (3mb). CORE2 10 m 
temperature differences between the two sets show colder temperatures over the Gulf 
Stream offshore of the United States and warmer temperatures just south of Greenland 
(Figure 5.6).  
 
5.3 Diagnosing Changes in N. Atlantic Ocean Density 
Temperature 
As was the case in Experiment 1, SST’s, represented in Figure 5.7 as temperatures at 
2m depth, are cooler over the Gulf Stream during the CAO set than the WAO set. Just 
east of Newfoundland, Canada there is an area of warmer SST’s extending northward 
through Hudson Bay and western Greenland. This feature is also evident in the time 
series of SST west of Greenland, where the CAO temperatures are a few tenths of a 
degree C warmer than their WAO counterparts (Figure 5.8).  It is interesting to note a 
similar pattern in the SST’s over the North Pacific and the Kuroshio Current.  At 200m 
depth temperatures are around 2˚C colder over the region around the Gulf Stream and 
the North Atlantic Current as shown in Figure 5.9 (note that the color bar differs from 
that used in the SST plot). Separated by a small area of warmer temperatures, the 
cooler temperatures extend into the Arctic Ocean. The area of warmer temperatures to 
the north (just south of Greenland) seen in Figure 5.7 extends downward to 200m 
depth. This same general pattern is also present in summer months as shown in Figure 
5.10, CAO minus WAO 200 m temperatures for June, July, and August (JJA). Though 
this result is unexpected, it follows that repeated cold or warm winter forcing can 
produce anomalies that persist over several seasons. 
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Salinity 
Moving on to the next portion of the density equation, salinity, we turn to Figure 5.11 the 
2m salinity, representative of the sea surface salinity. Throughout most of the domain, 
there are slightly fresher waters in the JF average for the CAO years. Over the Gulf 
Stream region, the salinity signature (when considered with the lower SLP signature) 
suggests an increase in storminess/precipitation around the Gulf Stream. Further north, 
where high SLP dominates the model forcing, we see slight increases in salinity, 
perhaps due to increased evaporation or decreased river runoff from northern Canada. 
The saltier areas in Baffin Bay/Davis Strait are shallow as they do not appear in Figure 
5.12, the JF 200m salinity fields. At 200 m depth in both the Arctic and the North Atlantic 
Oceans salinities are lower in the CAO simulations than the WAO simulations. The one 
exception to this is the slightly saltier waters (+~1g/kg) stretching from the Canadian 
coast to Europe. A very similar pattern persists into summer months as seen in the JJA 
200 m depth salinity shown in Figure 5.13. 
Total Density 
Waters over the Gulf Stream region near the East Coast of the United States are denser 
in the JF CAO cases than in the WAO cases, likely mostly due to the negative 
temperature change in this region (Figure 5.14). Further north, from the coast of 
Newfoundland, Canada to southern Greenland, is an area of less dense water. This 
suggests that the increased temperatures of the water in this region are responsible for 
slightly less dense waters in the key sinking regions near Greenland at the surface. 
Below at 200 m depth, though the differences in density are much smaller at this depth, 
they are largely in the same location as their surface counterparts (Figure 5.15). Given 
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the similarity between Figure 5.15 and Figure 5.16, the JJA 200 m depth CAO minus 
WAO field, a seasonal atmospheric forcing of persistent ocean density changes exists 
down to 200 m. Because the denser waters are largely outside key sinking regions for 
the MOC, it is unlikely that they are playing a role in North Atlantic Deep Water 
Formation.  
 
5.4 Ocean Stability  
Off of the east coast of the United States, in the region dominated by the Gulf Stream, 
the oceanic boundary layer is much deeper (by ~5 m) in the colder simulations than the 
warmer (Figure 5.17). A deeper boundary layer suggests more mixing and/or less static 
stability. South of Greenland, there is a large region of more much stable stratification, 
with boundary layer depths as much as 30 m shallower in the CAO case than the WAO. 
As this area is among vital areas to North Atlantic deep water formation, this change in 
boundary layer depth may prove important to the overall water balance in the AMOC. 
Specifically, surface heat anomalies will reach greater depths via mixing in the WAO 
years compared to the CAO years. 
Figure 5.18 shows the differences (CAO years minus WAO years) in vertical velocity, 
which (as in Chapter 4) is positive downward.  Due to increased offshore flow during 
CAO events over the Gulf Stream, the East Coast of the US and Canada experiences 
slightly more upwelling (or weakened downwelling) during CAO years than WAO years 
in the 100 m vertical velocity difference field.  The strongest variations occur near 
Greenland on small scales. This indicates some change in the strength of the sinking 
 
 
77 
 
motion over much of this region. Increased model resolution would further explore 
whether smaller-scale processes (e.g., eddies) change the character of the vertical 
velocity response. Figure 5.19 depicts the simulated vertical velocity at 100m in (a) the 
CAO 25 year JF composite and (b) the WAO 25 year JF composite. Viewing these 
figures with the eye alone yields few differences between the two simulation sets.  
 
5.5 Experiment 2 Conclusions 
Comparison of the results between Experiments 1 and 2 reveals that repeated CAO and 
WAO forcing produces a more profound result than the more natural single-year forcing 
in the surface and 200 m density fields.  
The results of Experiment 2, though different from those of Experiment 1 do not validate 
the original hypothesis that CAO events over the Gulf Stream region would influence 
North Atlantic Ocean flow in ways that would increase in the strength of the North 
Atlantic segment of the MOC. As these CAO years over the Gulf Stream are 
accompanied by warm air further north in the regions of action for North Atlantic deep 
water formation, the opposite is true. This overall pattern featuring colder than normal 
air to the south and warmer than normal air to the north tends to occur in tandem as 
shaped by the negative phase of the North Atlantic Oscillation (NAO). As shown in the 
schematic in Figure 5.20, the NAO’s negative phase (the dominant phase in our CAO 
years) is characterized by a weaker than normal Icelandic Low pressure system 
coupled with a weaker Subtropical High (centered near the Azores off the coast of 
Africa). The consequences of this advective pattern are colder air over the Gulf Stream 
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and warmer air to the north, both of which are features in 1977 and 1979, years with 
negative NAO indices (Figure 5.21). Conversely, 2000 and 1990 were both years with 
positive NAO indices. In order to maximize the impacts of CAO’s over the Gulf Stream, 
one would have to imagine a world where the high-latitude effects of the NAO were 
minimized. If the NAO’s high-latitude impacts could be removed, that is, if the warmer 
pattern to the north could be eliminated, there is some evidence in the 200 m depth 
fields that advection of the colder waters might actually have more of an impact. It is 
questionable, however, whether such a pattern could be sustained physically or 
dynamically. 
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5.6 Figures 
 
Figure 5.1:  Subset of the four best CAO and WAO case years for Experiment 2. 
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(a) 
 
 
 
 
 
 
 
                                 (b)                                                                           (c) 
Figure 5.2: (a) NCEP Global Ocean Data Assimilation System JF 1990-1999 SST, (b) 
25 JF composite CAO SST, and (c) 25 JF composite WAO SST. 
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(a) 
 
 
 
 
 
 
 
                                 (b)                                                                           (c) 
Figure 5.3: (a) NCEP Global Ocean Data Assimilation System JF 1990-1999 surface 
currents, (b) 25 JF composite CAO surface currents, and (c) 25 JF composite WAO 
surface currents. 
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Figure 5.4 Time series of SST for both of the CAO (blue) and WAO (red) cases from the 
East Coast of the United States. 
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Figure 5.5: JF CORE2 SLP (Pa), CAO minus WAO. 
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Figure 5.6: JF CORE2 10 m CAO minus WAO atmospheric temperatures in K. 
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Figure 5.7: JF POP simulated CAO minus WAO temperatures (˚C) at 2m depth. 
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Figure 5.8 Time series of SST for each simulation over a small region (pictured above) 
west of Greenland. 
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Figure 5.9: JF CAO minus WAO ocean temperatures (˚C) at 200 m depth. 
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Figure 5.10: JJA CAO minus WAO 200 m ocean temperatures (˚C). 
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Figure 5.11: POP simulated 2 m salinity (g/kg) CAO minus WAO. 
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Figure 5.12: 200m salinity (g/kg), JF CAO minus WAO. 
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Figure 5.13: JJA 200m salinity (g/kg), CAO minus WAO. 
 
 
 
 
 
 
 
 
 
 
 
 
 
92 
 
 
Figure 5.14 JF CAO minus WAO sea surface density in gcm-3. 
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Figure 5.15: 200 m density in gcm-3, for JF CAO minus WAO 
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Figure 5.16: 200m density in gcm-3, JJA CAO minus WAO 
 
 
 
 
 
 
 
 
 
 
 
 
 
95 
 
 
Figure 5.17 Maximum JF ocean boundary layer depth, JF CAO minus WAO in cm. 
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Figure 5.18 100m vertical velocity in cm/s, 25 JF CAO minus WAO. 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
Figure 5.19 100 m vertical velocity in cm/s JF (top a) CAO composite and (bottom b) 
WAO composite. 
 
 
 
 
 
98 
 
 
 
Figure 5.20: NAO Schematic. Top the positive phase of the NAO, bottom the NAO 
negative phase. Source: D.B. Stephenson http://www.met.reading.ac.uk/Research/cag-
old/NAO/ 
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Figure 5.21: NAO Index 1950-2016 from the Climate Prediction Center. 
 
 
 
100 
 
Chapter 6: Conclusions 
Though the main findings of this study do not confirm the original hypotheses about 
downstream (subpolar) oceanic impacts of cold air outbreaks over the Gulf Stream 
region, they provide information relevant to the variability of the subpolar North Atlantic 
Ocean circulation. In particular, CAO events over the Gulf Stream are associated with 
variations in the ocean density patterns in the North Atlantic. The observational analysis 
in Chapter 3 shows that CAOs over the Gulf Stream produce large upward sensible and 
latent heat fluxes from the ocean to the atmosphere. These fluxes remove heat from the 
ocean’s mixed layer, lowering SSTs and temperatures in the upper ocean. Chapters 4 
and 5 show similar results off of the east coast of the United Sates with colder, denser 
waters over the Gulf Stream in CAO years. However, oceanic variations driven by warm 
air advection in regions further north dominate any downstream impacts of CAO’s over 
the Gulf Stream, as the both model experiments performed here show regions of 
warmer, less dense water during CAO years at the surface and 200 m depth in the 
geographic region thought to be essential to North Atlantic Deep Water formation. This 
bipolarity of the wind forcing and its oceanic impacts are manifestations of the North 
Atlantic Oscillation, the leading mode of atmospheric variability in the North Atlantic 
during winter (Visbeck et al. 2001). 
 
As the atmosphere has been shown in this study and others (Delworth et al. 2000; Grist 
et al. 2016) to have a dominating impact on changes in the density structure of the 
North Atlantic Ocean in key sinking regions, the importance of the North Atlantic 
Oscillation pattern in determining which years are conducive to sinking motion in the 
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North Atlantic should not be underestimated. Years with a positive NAO tend to have 
the heat and moisture fluxes locally needed in the regions of deep convection to 
strengthen the AMOC (or at least damp the weakening of the AMOC). This suggests 
that if the NAO is positive more often during winter, with fewer CAO events over the 
eastern United States and more CAO events off the coast of Newfoundland, then the 
ongoing and projected weakening of the AMOC might be damped. Though the CAO 
events do provide re-emerging cold watermasses that are advected upstream, these 
watermasses are altered to a greater extent by forcing in more northern regions such 
that their original colder, denser characteristics are largely lost, even under exaggerated 
conditions of identical repeated forcing, as shown by Experiment 2. However, with lower 
air-sea temperature differences projected in the future, even larger heat fluxes will have 
a difficult time causing convection in an increasingly stratified ocean surface layer 
(Moore et al. 2015).  
 
A notable limitation of this study was the lack of model resolution capable of simulating 
mesoscale eddies in the ocean.  There is compelling evidence from the appearance of 
fine scale horizontal variations in the vertical velocity fields near Greenland that 
improving resolution to an eddy resolving state might have provided a clearer picture of 
the processes occurring in that region. In addition, some aspects of the model’s 
simulation of the AMOC itself were unrealistic, whether it was due to the forcing or 
resolution of the model. More specifically, the model’s AMOC is found equatorward of 
its observed location.  More computational resources would have allowed for higher 
resolution but were unavailable for the purposes of this study.  A related limitation, likely 
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also attributable to the issue of model resolution, is that the localized sinking (deep 
convection) in the Greenland and Labrador Seas is not apparent in the model results.  
Finally, as the time series from Chapter 5 show, the results begin to vary more towards 
the end of the simulations. The ocean model’s “climate drift” may be starting to 
dominate the effect of the different years’ forcing. 
In addition, it is difficult to validate some of the model results as buoy SST observations 
are scarce, and deeper observations are even scarcer. Satellite observed SSTs provide 
a relatively clear picture, but are not able to measure the fluxes that are of primary 
interest in this study. Much of the air sea interaction that produces the latent and 
sensible heat fluxes required to alter the ocean’s density occur on the scale of weather, 
not the scale of climate, highlighting the need for more frequent measurements of 
surface and subsurface changes. Nevertheless, the broad-scale features of the model’s 
temperature and velocity (current) fields are consistent with those of the Global Ocean 
Data Assimilation System (GODAS), as shown in Chapter 5. 
Further research on future scenarios of CAO events under polar amplification of climate 
warming is warranted to clarify the disparity between those climate models that project 
fewer CAO events and those that project an increase in CAO events. This needed 
understanding will require  an intersection of research on (1) cold airmass modification 
by global warming, including the frequency and intensity of CAOs and (2) changes in 
large-scale modes of variability such as the North Atlantic Oscillation.  Future variations 
of the NAO are highly uncertain over the full spectrum of timescales, ranging from 
monthly to centennial.  The results of this study indicate that the NAO may well be the 
key to ocean variations that drive the global thermohaline circulation. 
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